Further development of synchrotron light sources and new concepts for free electron lasers require undulators with short periods and high magnetic fields. A promising approach is the cryogenic permanent magnet undulator concept based on an advanced magnet material. This new rare earth alloy ðPr; NdÞ 2 Fe 14 B, shows an increasing remanent field of up to 1.7 T without the limits of spin reorientation transition. This work presents first spectral measurements of a prototype cryogenic permanent magnet undulator, consisting of 20 periods of 9 mm in length, cooled by a closed cycle cryo-cooler to temperatures below 30 K. The K parameter of 0.837 at RT is increased by more than 15% to 0.966, and an increase of the third harmonics photon flux of up to 66% was achieved. A possible degradation of the on-axis field quality due to thermally induced magnetic field errors, deduced from the measured bandwidth of the spectrum, is below the limits of the detector resolution of 2%.
I. INTRODUCTION
An advanced understanding of Nature's fundamental structure and processes requires electromagnetic radiation with a short wavelength and pulse duration. The most common sources for brilliant and quasimonochromatic light in the soft and hard X-ray regime are undulators used as insertion devices in electron storage rings or as single pass devices at linear accelerators. Recent case studies [1, 2] have shown that undulators with short periods offer advantages for different kinds of synchrotron light sources and free electron laser (FEL) schemes when they provide sufficiently high magnetic fields. Using these highfield short-period undulators, existing synchrotron light source facilities can extend their achievable photon energy range to the hard X-ray regime. Further, these new undulator designs are essential for the approach to future concepts of X-ray free electron lasers (XFELs) using laser based electron acceleration [3] . A short undulator period enables short photon wavelengths at moderate electron energies and a short FEL gain length while a high field increases the acceptance of electron energy spread.
To improve upon current state-of-the-art short period undulators, two options are in discussion: First, the use of superconducting (SC) materials (e.g., SC wire solenoids) and second the use of rare-earth (RE) permanent magnets cooled to temperatures around 140 K. The SC concept promises outstanding magnetic properties beyond the theoretical limits of RE permanent magnet materials around 1.8 T for the remanence. But even state-of-the-art SC-materials (NbTi, Nb 3 Sn) require temperatures around 4 K to enable critical current densities above 1000 A=mm 2 . Associated with this are high costs for the cooling infrastructure due to a high heat load at temperatures where commercially available cryo-coolers are inefficient and expensive. Another drawback is the lack of a field optimizing shimming concept which still has to be developed. Recently J. Bahrdt [4] gave a thorough comparison of both technologies utilizing state-of-the-art materials. The second option is the use of permanent magnets based on RE elements like Neodymium (Nd), Dysprosium (Dy), and Praseodymium (Pr). These magnets achieve an increase of remanence and coercivity when they are cooled down. But commonly used RE magnets, Nd and Dy based materials, reach a maximum gain in their remanence of about 8% at temperatures around 140 K and lose flux density below that temperature due to a spin reorientation transition [5] [6] [7] .
Recently, Uestüner et al. [5, 8] proposed an optimized composition of RE materials with an 80% ratio of Pr in the RE-part. This magnet material avoids spin reorientation and shows a monotonic gain of more than 16% in remanence, reaching 1.69 T. This field strength, close to the crystal's theoretical limit, is achieved at temperatures around 30 K. The coercivity of the new material increases by a factor of three to about 5700 kA=m at cryogenic temperatures. Since the coercivity is a measure for the magnets resistivity against demagnetization by irradiation, the cryogenic permanent magnet undulator (CPMU) is expected to provide a significantly increased lifetime, compared to standard permanent magnet undulators, thus reducing costs and maintenance work, offering higher reliability [9, 10] .
A collaboration of Helmholtz-Zentrum Berlin (HZB) and the experimental physics department of the University of Hamburg (UHH) initiated the development of an undulator with this novel permanent magnet material. The undulator was designed and assembled at the HZB. This work presents the first operation of a prototype CPMU built with the new material composition ðNd 0.2 ; Pr 0.8 Þ 2 Fe 14 B. The spectral measurements were done during a beam time at Mainzer Mikrotron (MAMI). The following Sec. II introduces to the main characteristics of undulator radiation (UR), followed by Sec. III, in which the magnetic field characteristics of the prototype undulator are presented, measured by a newly developed cryogenic Hall-probe bench at the HZB [11] . Section IV presents the experimental setup. Two independent detectors observed the UR with respect to the discussed characteristics. The results of the spectral measurements are compared to the magnetic field measurements in Sec. V. Section VI sums up the results and gives an outlook to future projects.
II. UNDULATOR RADIATION CHARACTERISTICS
Both wavelength tunability as well as photon flux or rather brilliance-defined as number of photons divided by their phase space volume-specify the applicability and versatility of scientific light sources. Both wavelength and photon yield generated by undulators depend on the undulator's period length and the magnetic field. These properties are combined to the undulator parameter K ¼ eBλ u =ð2πm e cÞ ≈ 0.9336B½T λ u ½cm as a characteristic measure for undulators [12] . Here e is the elementary charge,B the magnetic peak field on-axis, λ u the undulator's period length, and m e the electron's rest mass.
To characterize the newly developed CPMU prototype, the following spectral characteristics of the UR were measured, in order to determine the undulator K parameter, the error of K and its gain when cooled down to cryogenic temperatures.
A. Peak wavelength
The wavelengths of the UR harmonics are determined by the undulator equation [13] :
Here λ ph is the emitted photon wavelength, λ u the period length of the undulator, K the characteristic undulator parameter and γ ¼ 1 þ E=ðm 0 c 2 Þ the Lorentz factor describing the total energy of the electrons in the beam. n u ¼ 1; 2; 3; … is the harmonic number.
For odd harmonic numbers n u the photons are emitted in a cone of light around the electrons direction of motion, whereas the even harmonics do not appear on-axis. The spatial distribution of the odd harmonics can be approximated by a Gaussian distribution with an opening angle of
. Here L u is the total length of the undulator. The last term of Eq. (1) describes the redshift due to the relativistic Doppler effect at observation angles θ. This effect also causes a spectrometer with a finite aperture to detect a certain amount of radiation with red shifted peak wavelengths. If the UR is integrated over the whole radiation cone, this shift is described by:
where N u is the number of undulator periods and λ 1 the fundamental wavelength of the radiation spectrum [14] .
B. Bandwidth
From the interference condition of the UR, emitted at every period over the whole undulator length, one obtains the intrinsic bandwidth of each harmonic peak [13] :
Δλ
Additionally one gets a contribution from magnetic field errors ΔB. From Eq. (1) follows:
Since these bandwidth broadening effects are statistically independent, the total bandwidth of UR on-axis is given by a quadratic sum, Eqs. (3) and (4).
C. Photon flux density
The on-axis photon flux density in units of photons per solid angle, second and 0.1% bandwidth for an electron beam with zero divergence can be approximated [13] by:
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Here _ N is the number of photons per second, E the electron energy, I the average electron beam current, and F n ðKÞ a sum of modified Bessel functions J. F n ðKÞ is defined by n Figure 1 shows the increase of the on-axis flux density for a K parameter increase from 0.82 to 0.98 generated by a zero divergence electron beam, according to Eq. (5). The plot is normalized to the value of the fundamental of K ¼ 0.83. However, it describes only UR generated by zero divergence electron beams. For divergent electron beams a modification of Eq. (5) must be made, as suggested by P. Elleaume [13] :
Here σ x 0 and σ z 0 are the horizontal and vertical electron divergences, L the undulator length, and λ ph the photon wavelength.
III. UNDULATOR SPECIFICATIONS
The new magnet material as proposed by [5, 6] is based on an alloy of Pr and Nd and optimized for use in an undulator. The coercivity was chosen to be sufficiently high to guarantee a stable magnetization in the assembled structure at RT. During assembly the environmental temperature was chosen to be −20°C (cold house assembly) to avoid demagnetization by opposing fields. These fields are highest for a magnet which is moved from outside to inside the girder. Later, it has been demonstrated that the new material can be treated with a grain boundary diffusion process which enhances the coercivity and permits assembly at RT [15] .
The support structure of the prototype is made of oxygen free high conductivity copper (OFHC) to maximize the thermal conductivity. As the temperature lowers, heat transfer by phonon scattering becomes less efficient. But for highly purified OFHC copper, the electric conductivity at cryogenic temperatures increases by three orders of magnitude. At these temperatures, electrons from the conduction band are no longer disturbed by the oscillations of the metal's crystal lattice and the majority of heat is now transported by these free moving electrons. Thus the low electric resistance of the support structure at low temperatures helps avoid thermal gradients along the undulator and enables a fast cooling process.
Magnetization measurements of each undulator magnet taken before assembly and a subsequent matching of neighbor magnets in the undulator together with sub micrometer processing accuracy, lead to a relative rms field error of the assembled device below 1.75% corresponding to a phase error below 3.7°both measured at 15 K [16] . The specifications measured by an in vacuum Hallprobe bench are listed in Table I .
IV. SETUP
In order to investigate the characteristics of the undulator prototype, first measurements of its spectral output were performed at a conventional electron accelerator. Using the 855.1 MeV beam line of MAMI-B, the flux, wavelength, and line widths of the harmonic peaks at cryogenic and RTs were observed and compared. Two independent detector systems were used. One was a cryogenically cooled low energy resolving Germanium diode detector, the other was a gold wire transmission grating spectrometer (TGS). A schematic representation of the setup is given in Fig. 2 .
The electron beam parameters were measured for both detector setups separately. A cross hair in combination with an ionization counter was used to determine the electron beam cross section at the undulator position by a so-called wire scan. It was later revealed that the resulting divergence applied only for the transmission grating measurements, which were performed immediately before the wire scan.
The divergence during the Ge-detector measurements was determined by an analysis of transverse scans of the UR cones. These scans were performed with the Ge-detector itself shortly before the spectra presented in Fig. 3 were measured. Observing systematically the radiation intensity at the theoretical resonance energy of the fundamental for several off-axis detector positions, showed that the divergence during the Ge-detector measurements was significantly higher than the results of the wire scan. The electron beam parameters for both setups are summed up in Tables II and III calculated assuming a normalized beam emittance of ð0.5=7.8Þ π nm rad (vertical/horizontal) at 855.1 MeV energy [17] . The undulator was cooled by a single-stage GiffordMcMahon (GM) cycle cryo-refrigerator. With a simple heat radiation shield made of Super insulation the undulator was cooled down to a temperature of 25 K. During 3 days of beam time the base temperature rose to 29 K, probably caused by an increased attenuation coefficient, due to a coating of out-frozen residual gas (vacuum pressure around 10 −4 Pa) at the surface of the undulator. The alignment of the undulator was done with two zinc sulfide screens attached to the undulator support and a camera.
A. Germanium detector
The Ge-detector was placed at L Ge ¼ 13.4 m behind the undulator, equipped with a pinhole of A Ge ¼ 500 μm diameter. The pinhole and radiation source size Σ r define the angular acceptance of the detector: θ max ≈ 39 μrad. Thereby a spatially resolved detection of the radiation was possible (radiation divergence ≈300 μrad). A transverse scan with the detector determined the divergence of the UR, as described in the last section. Thus it was possible to calculate the electron beam divergence deconvolving the intrinsic radiation divergence σ r , described in Sec. II A. The result is listed in Table II. The energy resolution for a single photon Δ Ge is about 150 eV (FWHM) [18] , smaller than the spectral separation between two harmonic peaks (Δ E n ≈ 500 eV). Hence the harmonic structure of the spectrum is resolved. However the bandwidth of the spectral lines is about 5 times smaller than Δ Ge and thus not detectable. The calibration was done using decay spectra emitted by two different radioactive probes, Fe To minimize the detector dead time and the number of multiphoton events, the electron beam current, and thereby the photon flux, was limited to maximum 10 pA.
FIG. 2. Experimental setup:
Two independent detector systems were used, a Ge-detector (left) and a transmission grating spectrometer (right). In both figures the radiation source size is represented by Σ r , whereas A is the detector aperture and θ max the resulting acceptance angle. The transmission grating spectrometer on the right-hand side has an entrance slit of size S which restricts the angle of incidence θ max;z to optimize the spectral resolution. The distances are represented by L. 
B. Transmission grating
The transmission grating spectrometer was based on a gold wire grating (1000 lines=mm [19] ). An entrance slit with variable size, attached directly in front, restricted the angle of incidence toward the dispersion axis. The grating and the slit were placed 7.55 m (L 1 ) behind the undulator's center, leaving a dispersion drift of 5.85 m (L 2 ) to the X-ray CCD, as can be seen in Fig. 2 .
Due to the pixel size of the CCD (S pix ¼ 22.5 μm [20] ) and positioning uncertainties the absolute wavelength accuracy is less than 2.5% at a wavelength of 0.4 nm (corresponding to the 5th UR harmonic) and 1% at 2 nm wavelength (corresponding to the UR fundamental). The spectral resolution is largely dominated by the projection of the extended source producing a spatially broad signal on the CCD. This results from the simplicity of the used setup without imaging features. An estimation of the spectral resolution of the transmission grating spectrometer has been made, considering geometric optics, Rayleigh's criterion and diffraction. With this resolution an increase of the magnetic field error due to thermally induced mechanical distortions should be detected if the additional field error (rms) becomes greater than 2%. A more detailed description can be read in the Appendix.
V. EXPERIMENTAL RESULTS
The following measurements were done at RT, 294 K (red), and below 30 K (blue) in order to compare the performance of the new magnet material and to detect possible magnetic field errors generated by mechanical distortions due to the temperature drop.
First the Ge-Detector measurements are presented. Figure 3 shows the comparison of the measured on-axis photon flux densities, averaged over the detector's entrance window, at both temperatures. The curves are normalized to the flux density of the fundamental peak at RT. One can see a significant gain in the photon flux density due to the increased K-parameter. The measured gain of 9%, 70%, and 100% for the fundamental, third, and fifth harmonics, respectively meets the expected gain for an increase of K from 0.83 to 0.97, given by Eq. (6) . With the divergence determined by the transverse scans, shown in Table II , the theory predicts a resulting gain of ð1 AE 24Þ%, ð46 AE 33Þ%, and ð114 AE 47Þ% accordingly.
However, the theoretical values apply only directly on-axis (whereas the measurement averages over the detector's entrance window with an acceptance angle of θ max ≈ 39 μrad). Furthermore, the flux density is highly sensitive to the roughly determined electron divergence. Thus a comparison between theory and measured values is only qualitatively possible. With this in mind one can state that the measured cold and warm UR spectral flux densities (Fig. 3) agree with the theory, and the values lay within the measurement's accuracy region.
Also the wavelengths of the peaks are analyzed to deduce the K parameter at the given temperatures-see Fig. 4 . Due to the finite aperture of the Germanium detector θ max and the redshift connected with it, the measurements were corrected by a detuning factor, given by Eq. (2) . With this factor the measured values agree well with the undulator field measurements, done with a Hall-probe at the Helmholtz Zentrum Berlin, see Fig. 4 .
The spectral bandwidths of the UR is determined by analyzing the CCD data of the transmission grating spectrometer- Fig. 5 . Lineouts are shown in Fig. 6 . The bandwidths are compared for warm and cold measurements and agree with the expected values, listed in Table IV , where broader bandwidths are predicted for the cold spectrum due to the longer wavelength of the harmonic peaks and the correspondingly lower spectrometer resolution. A potential broadening of the bandwidth of the fundamental, due to an additional field error, produced by mechanical stress and distortions, could not be detected. Neither was a temperature gradient along the undulator's magnets, generating a field error due to the magnet's temperature dependent remanence, detectable. Hence it is confirmed that an additional rms field error generated by these effects must be less than 2%, given by the resolution limits of the used spectrometer. A more detailed description is given in the Appendix. 
VI. CONCLUSION AND OUTLOOK
The spectral measurements confirm the expected gain of the K parameter of more than 15%. Any additional source of field errors generated by mechanical distortion due to the temperature drop of more than 260 K or even produced by a thermal gradient along the undulator are below 2%, corresponding to the resolution limit of our spectrometer. A significant gain of the photon flux was achieved and is in good agreement with the theory-9%, 70%, and over 100% for the fundamental, third, and fifth harmonic's flux, respectively. The angle integrated photon flux increases up to 20% for all harmonics.
The gain of remanence leads to several possibilities for different UR sources. Existing third generation synchrotrons rely on the development of short-period undulators with high magnetic fields to increase their achievable photon energy range [21] [22] [23] [24] . Furthermore, the use of the new permanent magnet material paves the way for the application of laser-wakefield accelerated electrons as source for UR and even as drivers for FELs. Here the 3 times increased coercivity of the cooled magnets and a correspondingly increased resistivity against demagnetization by irradiation with electrons and laser light is important since these newly developed laser-wakefield accelerators suffer from electron beam instabilities and a broad energy spread. Essential for the LWFA-FEL scenario is an increased K parameter in combination with a relatively short period since thereby the interaction between electrons and light field is amplified and the acceptance of the electron's energy spread is increased [1] .
Until now the described CPMU prototype was successfully used during two different beam times at MAMI and SLAC [25] . The next step will be the implementation into a laser-wakefield driven electron beam line. Due to the small undulator gap of 2.5 mm high but feasible standards in stability and control of the electron accelerator technology are required. Once this task is achieved, a longer insertion device with a shorter period length will follow, with the objective to establish a new kind of ultrabrilliant and tunable X-ray source for scientific purposes. FIG. 5. CCD data from the TGS. The images compare the cooled case with the RT case. The entrance slit sizes 75 μm and 100 μm were adapted to optimize the resolution of the spectrometer for the specific wavelength of the first harmonic-see the Appendix. The color scale is normalized to the maximum count number of the fundamental peak. Shadows of the grating's support structure [19] are visible. Table IV . Both spectra show small peaks at two-thirds of the fundamental wavelength. These features are the third undulator harmonic diffracted into the gratings second order. 
APPENDIX: SPECTRAL RESOLUTION OF THE TRANSMISSION GRATING SPECTROMETER
The spectral resolution of the TGS is dominated by the size of the image of the spectrometer's entrance slit, projected onto the CCD-see Fig. 2 . This size depends on the maximum divergence of the incident light along the dispersion axis. The maximum angle is given by: θ max;z ¼ ðΣ r;z þ SÞ=L 1 with the slit size S and the standard deviation of the source size Σ r;z . The spectral resolution depends therefore among other parameters on the size of the entrance slit S. If the size of the entrance slit S is wide, the value of A z , the projection of the source Σ r ; z through the slit onto the CCD, becomes wide and overlapping of two nearby signals limits the resolution. On the other hand, Rayleigh's criterion limits the resolution for small entrance slits, since the number of illuminated grating grooves depends on S. Further, for small entrance slits S and long wavelengths of the incident photons one has to take diffraction into account. For our case a Fresnel number F around 1 indicates that near field effects and with it Fresnel diffraction dominates. The Fresnel number is given by F ¼ S 2 =ð4λ ph L 2 Þ. Now a simple approximation of the single slit diffraction can be made:
All mentioned effects are summarized by the following Gaussian sum which approximates the bandwidth measured by the TGS. The first summand of the Gaussian sum originates from geometric optics [26] as described above. The second term represents Rayleigh's criterion with the diffraction order n g and the number of illuminated slits N g , while the third summand describes the intrinsic undulator bandwidth with harmonic number n u and the number of undulator periods N u . The last term estimates the contribution due to single slit Fresnel diffraction. Two other contributions are neglected. The electrons' energy spread, below 0.2%, is neglected as well as the contribution due to UR redshift. The redshift is limited by the acceptance angle of the spectrometer, which is set much smaller than the UR opening angle. The spectrometers' slit limits the acceptance angle θ max;z in the z direction (see Fig. 2 ). The acceptance angle in the x direction is given by the size of a single pixel and the distance between undulator and CCD. This is due to the fact that the bandwidth is determined by a lineout of the CCD data with a single pixel width. Therefore the acceptance angle in x is given by θ max;x ¼ ðS pix þ Σ r;x Þ=ðL 1 þ L 2 Þ. These two angles, θ max;z ≈ 44 μrad for a 100 μrad slit and θ max;x ≈ 30 μrad for a source size Σ r;x ≈ 370 μm, determine an additional contribution to the measured line width due to a certain amount of tilted radiation, which is also redshifted-see Eq. (1). The resulting contribution to the bandwidth is far below 0.5%, and therefore also neglected. Expected spectral resolution (color coded) as a function of wavelength and slit size as discussed in the setup section. The red and blue dots mark the chosen slit width for the warm and the cold undulator spectrum measurement, respectively. From left to right the best spectral resolution according to the wavelengths of the fundamental, third, and fifth harmonic is shown. The higher harmonics intrinsic undulator bandwidth of 1.67% and 1% for the third and the fifth harmonic, respectively is overlaid by the spectrometers resolution and thereby not resolvable.
This approximation overestimates the diffraction broadening for the shorter wavelength of the higher harmonics, where a transition to the far field or rather Fraunhofer diffraction occurs, which is not considered in our approximation. The resolution of the spectrometer according to Eq. (A1) is plotted in Fig. 7 . The blue and red dots (cooled and RT) mark the bandwidth of an ideal undulator detected by the TGS. A slit size of 75 μm for the wavelength of the uncooled device's fundamental and 100 μm for the cooled undulator's fundamental was chosen to optimize the spectrometers resolution whereas 50 μm was chosen for the higher orders. An increase of the magnetic field error due to thermally induced mechanical distortions gives an additional summand in Eq. A1. This effect should be detectable if the field error (rms) becomes greater than 2%. The bandwidths of the higher harmonics, intrinsically 1.67% and 1% for the third and the fifth harmonic, are dominated by the spectrometers resolution and could not be analyzed, see Fig. 7 .
